head River, Montana where food for abundant hyporheic fauna, located many kilometers laterad to the main river channel, may be supplied by hydrologic exchange.
The degree and location of exchange between hyporheic and surface water can be affected by the distribution of surface flora (Hendricks and White 1988) . Conversely, the distribution of various aquatic macrophytes may be linked to occurrence of hydrologic exchange (Fortner and White 1988) . Coleman (1989) attributed large mats of filamentous algae to nutrient rich interstitial water just 5 cm beneath the benthic substrata. The distribution and abundance of this benthic flora may partially depend on nutrient supply from the hyporheic zone.
Sonoran Desert streams are characterized by sparse canopies and broad channels. Streams are generally 'underfit' in that wetted perimeters occupy only a portion of the stream channel. Channel sediments are composed of sand to gravel size alluvium that is frequently reworked by flash floods (Graf 1988) .
We define the hyporheic zone in Sycamore Creek as the saturated sediments and interstitial spaces of alluvial material underlying and lateral to the wetted perimeter where sub-surface and surface water are actively exchanged. Most biologists have defined hyporheic zones based on distribution of interstitial biota (Williams and Hynes 1974 , Williams 1984 . Some distinguish beween phreatic groundwater characterized by particular taxa (e.g., Bathynellaceans, Pennak and Ward 1986) and the overlying hyporheic zone; others recognize a distinct 'community' in the saturated sediments of the stream bank ('parafluvial' sensu Williams 1989) . We recognize that different faunal habitats probably exist within the interstitial environment of Sycamore Creek (A. J. Boulton, E. H. Stanley, H. M. Valett, Arizona State University, unpublished data), but employ the above definition to emphasize our focus on water flow and its influence on physical-chemical features of the hyporheic zone.
The hyporheic zone in sand-dominated sediments of runs and pools is strongly influenced by discharge, but boulder and cobble substrata of riffles are more stable and flows competent to move these materials are very large and infrequent. Results reported here characterize portions of the hyporheic zone underlying regions of the stream that are affected by annual flash floods (Fig. 1) .
The influence of the hyporheic zone on stream ecosystem function was addressed in Sycamore Creek by Grimm and Fisher (1984) . Based on research at a single site they showed that hyporheic sediment to be an important metabolic component; apparently autotrophic conditions were actually heterotrophic when sub-surface components were included in measurements of stream respiration. On a larger scale, flood-mediated changes in distribution and volume of hyporheic zones through erosion and redeposition of large sand deposits have strong effects on whole-stream metabolism (Grimm et al., in press, S. G. Fisher, unpublished data).
Including hyporheic zones as part of stream ecosystems emphasizes functional linkages between the stream and sub-surface water. Regions of exchange have been identified in Sycamore Creek, but litle is known of their structure. Interstitial oxygen can be high (Grimm and Fisher 1984) , but long periods of successional recovery generate large amounts of benthic organic matter that may affect interstitial conditions. Interstitial water of Sycamore Creek is high in inorganic nitrogen, but little is known about patterns of nutrient distribution in the hyporheic zone (Grimm et al. 1981, Grimm and Fisher 1984) .
Objectives of research presented here were 1) to describe physical and chemical conditions in the hyporheic zone of Sycamore Creek, Arizona and, 2) to characterize regions of linkage between the hyporheic zone and stream surface. deeper regions of channel alluvium (Wertz 1963) . Distinct reach types (runs, riffles, pools) are easily discernable within a 12 km transitional region of Sycamore Creek. At the time of this study, runs occupied 45% of total stream length within the transitional region. Riffles were as abundant as runs, while pools represented 10% of total length.
Study
A single site was established at each of three runs at ca. 650 m elevation in the transitional region. Surface flow was continuous but of variable discharge at sites II and III during the study. Flow was intermittent at site I and streambed sediments were often dry.
Methods
Morphometry of sandy runs was determined with a series of permanent transects oriented perpendicular to the longitudinal axis of the stream and spaced 20 m apart. Surface topography was determined in reference to a level line between fixed points on each bank at each transect location. Sand depth was measured by sounding with a steel rod to boulder or bed rock surface. Hyporheic profiles for each transect were sketched on a graphics tablet and treated as a collection of serial cross-sections. Total sand lens volume and volume of the saturated zone were calculated from distance between transects and integration of serial sections using a digitized software program (PC3D?, Jandell Scientific, 605 Koch Road, Corte Madera, California 94925).
Hyporheic sediments were sampled using a series of 72.5 cm3 cylindrical plexiglass cores (4.3 cm dia.). Sediment porosity (percent pore space) was estimated as water volume in saturated cores. Sediment size classes (small, <0.5 mm; medium, 0.5-5 mm; large, 5.0-9.5 mm; extra large, >9.5 mm) were determined by sieving after drying 48 hours at 60?C. Points of vertical hydrologic exchange between interstitial and surface water were identified by injecting fluorescent dye 10-15 cm into sediments. After 15 minutes the dye was sought by digging. Sites were considered "stationary" if, after excavation, the dye was evident at the injection site. Loss of dye indicated "downwelling" or "lateral advection", and "upwelling" resulted in the appearance of dye at the sediment surface. Downwelling was verified by observing infiltration of dye injected on benthic substrata. Interstitial velocities were determined beneath the wetted perimeter or less than 2 meters lateral to the surface stream. Procedure included injecting dye to 10-15 cm depth 50 to 100 cm upstream from 20 cm deep trenches and measuring time of travel. There was no attempt to determine interstitial velocity at depths greater than 20 cm.
Sediment organic matter was determined by dichromate oxidation (Maciolek 1962) . Earlier investigation of stream sediment indicated that more than 95% of total organic matter was accounted for by small-and medium-sized particles (S. G. Fisher, unpublished data). Results reported here are restricted to these size classes. Organic matter in the shallow portions of the hyporheic zone at each site was sampled in cores taken vertically to depths of 15-20 cm at midstream. Cores were sectioned into 2-4 cm thick subsamples and analyzed for organic matter. Deeper portions of the hyporheic zone were sampled by excavating two large pits (ca. 1.5 m deep and 30 m apart) in the dry mid-channel sediments at site I. Triplicate core samples were taken every twenty centimeters to depths of 120 and 140 cm, respectively.
Results

Morphometry and sub-surface flow
Sandy runs at sites I, II and III were approximately 118 m long and 15 m wide (Table 1) (Table 1) . Interstitial water occupied from 83 to nearly 100 percent of sand lens volume at base flow, but size of the saturated zone varies with discharge.
Well transects at site I and III were located in "downwelling" or "recharge" zones where surface water enters the hyporheic zone. At site I, all sub-surface injections were transported to deeper regions of the hyporheic zone. Dye
Organic matter
Average percent organic matter for sediment cores taken from 10 to 40 cm depth was low (Table 2) . Small sediment contained an order of magnitude higher percent organic matter than medium sized sediment. However, small sediments represented less than 3 percent of total sediment mass in core samples. As a result of the paucity of small particles in stream bed alluvium, most organic matter in hyporheic sediment was associated with medium-sized particles (Table 2) .
Particulate organic matter in the top 15 cm of bed material was variable, but declined with depth at all sites (Fig. 3) . Profiles differed between sites. Total benthic organic matter was 5.7, 2.9 and 2.8 kg/m3 at sites I, II and III, respectively. Concentrations decreased by 50% within 3 cm depth at all sites. Organic matter increased notably at 7 cm depth at site I and at 9 cm depth at site III, but decreased again at greater depth. In deeper sediments sampled at site I, total organic matter varied significantly with depth (one-way ANOVA, p < 0.0001, Fig. 4) . At site Ia total organic matter at 15 cm depth was significantly higher than surface organic matter. No benthic material was visibly evident at site Ia at time of excavation. A significant and strong decrease in organic matter was evident between 15 and 25 cm depth at this site. At site Ib, total organic matter decreased significantly from surface to 20 cm depth. Significant increases in organic matter were present at 70 cm depth at site Ia and at 60 cm at site Ib (Fig. 4) . Total organic matter remained high at site Ia to a depth of over 110 cm, but decreased significantly below 60 cm depth at site Ib.
Temperature
Samples taken in early morning hours during summer months revealed that interstitial temperature can vary greatly within the hyporheic (Table 3) , ranged as much as eight and nine degrees at sites I and II, but the range was much less at site III (Table 3) . Temperature increased with depth beneath the wetted perimeter at all sites. Maximum water temperature occurred 80 cm beneath the stream at site I and 120 cm below surface water at site III. At site II temperature increased lateral to the wetted perimeter and maximum water temperature was recorded beneath exposed alluvium nearly 10 m from surface water. (Fig. 6) . Maximum interstitial oxygen was only 2.5 ppm (34% sat.) and was recorded at 135 cm depth (Fig. 6) Oxygen concentration decreased exponentially with increased depth (log transformed depth, r = 0.66, p < 0.0005, Fig. 7 ) at site III. Water was highly oxygenated (5.5 to 6.8 ppm, 75-93% sat.) to depths approaching 25 cm. Concentrations dropped sharply in samples taken from 22 to 135 cm depth. Anoxic water was encountered in only one sample, but 19 of 28 samples at this site contained less than 1.0 mg/L (<13% sat.) dissolved oxygen. Regions of less than 0.5 mg/L comprised over half (51%) of hyporheic cross-sectional area at this transect (Fig. 7) .
Overall patterns of interstitial oxygen reflect a decided reduction when compared with surface conditions. Local patterns of oxygen distribution may vary, but anoxic water was rare Interstitial NH4-N was highest at site III (Table 6). Hyporheic NH4-N averaged 130 ,ug/L (SE = 81, n = 9), but mean concentration was heavily influenced by a single well in which NH4-N values were extremely high (well #9, Table 6 ). Surface NO3-N was low and although hyporheic N03-N was least among all sites (x = 31 ,/g/L, SE = 6, n = 9), interstitial concentration was still high compared to surface water (179%). Mean values for all well water indicate that the hyporheic zone is rich in inorganic nitrogen and phosphorus and that sub-surface nitrogen is more variable than interstitial SRP (Table 7) . Hyporheic NH4-N averaged 268% (SE = 64.3, n = 27) and interstitial NO3-N was 327% (SE = 67.6, n = 27) of surface water content. On average, interstitial SRP was 174% (SE = 11.9, n = 27) of water column SRP phosphorus. Coefficients of variation (CV) for hyporheic NH4-N and N03-N are great (204 and 129%, respectively), whereas, variation in sub-surface SRP was comparable to that observed for surface water nutrients (CV < 60%, Table 7 ).
Interstitial water was rich in inorganic phos
The surface water N:P atomic ratio was as low as 1.45 (Table 4) , averaged 4.50, and varied only 5.32 units. Average N:P ratio in the hyporheic was twice as high at 8.97 (Table 7 ) and the atomic ratio varied greatly between wells, reaching a maximum of over 62.0 at site III (Table 6) . Water with N:P ratios greater than 15, potentially phosphorus-rather than nitrogen-limited (Redfield 1958, Shanz and Juon 1983), occurred in 6 of 27 wells.
Discussion
Morphology and hydrology
The size of the hyporheic zone in Sycamore Creek depends on discharge, both in terms of water availability and sediment volume. Table  1 however, interstitial volume itself varied with discharge. Surface discharge rates in Sycamore Creek vary with season and storm intensity, but low surface discharge is typical for most of the year (Thomsen and Schumann 1968). Under these conditions the hyporheic zone encompasses a major portion of available aquatic environment (Table 1) Organic matter in shallow portions of the hyporheic zone is variably distributed. Results show a general trend of decreasing organic matter with depth, but values were very different among sites and within runs (Fig. 3) . This variation probably reflects disturbance history both in terms of deposition of organic matter during floods and time for in situ utilization by heterotrophs.
Decreasing organic matter with increasing depth is a trend opposite to that reported in an Austrian stream where organic matter was lowest in the surface layers of stream bed sediments (Leichtfried 1985 (Leichtfried , 1988 ). In the above case small sediment particles (< 1 mm) accounted for only 6-9% of total sediment weight, but represented up to 88% of total organic carbon. Small particles in the hyporheic zone of Sycamore Creek are equally scarce ( 3% of sediment dry weight) and represent one quarter of total organic matter (Table 2) . Although the organic content of small particles in the hyporheic zone of Syca-
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[Volume 9 (Fig. 2) and differences in percent composition (Table 2) result in complex patterns of organic matter in deep regions of the hyporheic zone in Sycamore Creek (Fig. 4) ., in press) . Similarly, highest concentration of surface TIN was found in an upwelling region in this study (Table 4) 
Conclusion
The hyporheic zone of runs in Sycamore Creek consists of the sandy sediment and interstitial spaces of stream alluvium located below the water table. As a reuslt of perennially low surface water volume and extensive amounts of hyporheic sediment, a substantial proportion of water resides in the hyporheic zone. During dry periods, surface flow is zero and water is found only in the hyporheic zone.
Organic matter of hyporheic sediment is low and varies greatly with location. Repeated flash flooding, scouring, and redeposition of sediments probably accounts for the high variation in sediment organic matter. Some regions deep in the hyporheic zone may act as reservoirs of stored organic matter with the potential to affect nutrient cycling and system metabolism.
The hyporheic zone in Sycamore Creek is a dynamic region that is closely linked with the surface water. Hyporheic conditions (dissolved oxygen, nutrient content) are strongly influenced by patterns of surface flow. Conversely, the surface stream may be influenced by upwelling of nutrient rich interstitial water. Because the potential for interaction between hyporheic and surface subsystems is substantial, it is essential that the structure and functioning of both be considered in attempts to understand stream ecosystem dynamics.
